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fflGH PERFORMANCE, fflGH EFFICIENCY FILTER 

BACKGROUND AND SUMMARY 
[001] The invention relates to high performance, high efficiency filters. 
5 [002] There are ever increasing demands for higher performance, higher 

efficiency filters, all within a compact passage. The present iavention arose during 
development efforts directed toward these demands. The present invention achieves 
higher performance and efficiency with various filter combinations including multi- 
stage filters, direct flow filters, and filters employing nanofibers in a selected fiber 
1 0 diameter range, basis weight range, layering, and placement. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[003] Figs. 1-13 are taken from U.S. Patent 6,387,144, incorporated 
herein by reference. 

15 [004] Fig. 1 is a schematic perspective view of fibrous non- woven filter 

media. 

[005] Fig. 2 is a schematic illustration of the forming process for the 
media of Fig. 1. 

[006] Fig. 3 is an enlarged view of section 3-3 of Fig. 2. 
20 [007] Fig, 4 is an enlarged sectional view of a portion of the media of 

Fig. 1, after needling. 

[008] Fig. 5 is a sectional view of fibrous non- woven filter media. 
[009] Fig. 6 is an enlarged view of section 6-6 of Fig. 5. 
[0010] Fig. 7 is an enlarged schematic sectional view of fibrous non- 
25 woven filter media with flow direction orientation. 

[0011] Fig. 8 is an illustration like Fig. 7 and shows an altemate 
embodiment. 

[0012] Fig. 9 illustrates filter media construction. 

[0013] Fig. 10 is an enlarged view of section 10-10 of Fig. 9. 
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[0014] Fig. 1 1 shows an extended life two stage fluid jfilter assembly. 
[0015] Fig. 12 is an enlarged view of section 12-12 of Fig. 1 1 . 
[0016] Fig. 13 shows another embodiment of an extended life two-stage 
fluid filter assembly. 

5 [0017] Fig. 14 shows an extended life two-stage filter assembly in 

accordance with the invention. 

[0018] Fig. 15 is an enlarged view of section 15-15 of Fig. 14 
[0019] Fig. 16 is an enlarged view of section 16-16 of Fig. 15. 
[0020] Fig. 17 is an enlarged view of section 17-17 of Fig. 15. 
10 [0021] Figs. 18-32 are taken firom U.S. Patent 6,375,700, incorporated 

herein by reference. 

[0022] Fig. 18 is an exploded perspective view of a filter. 
[0023] Fig. 19 is a sectional view taken along line 19-19 of Fig. 18. 
[0024] Fig. 20 is a sectional view of a portion of the filter of Fig. 18 in 
1 5 assembled condition. 

[0025] Fig. 21 is a perspective view similar to a portion of Fig. 18 and 
shows an alternate embodiment. 

[0026] Fig. 22 is an exploded perspective view of an alternate 
embodiment. 

20 [0027] Fig. 23 is like Fig. 21 and shows another embodiment. 

[0028] Fig. 24 is similar to Fig. 23 and illustrates sealing between 
elements. 

[0029] Fig. 25 is a sectional view taken along line 25-25 of Fig. 24. 
[0030] Fig. 26 is like Fig. 24 and shows another embodiment, 
25 [0031] Fig. 27 is a sectional view taken along line 27-27 of Fig. 26. 

[0032] Fig. 28 is a sectional view taken along line 28-28 of Fig. 26. 
[0033] Fig. 29 is a sectional view taken along line 29-29 of Fig. 26. 
[0034] Fig. 30 is similar to Figs. 21, 23, 24, 26, and fiirther illustrates 
sealing. 
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[0035] Fig. 31 is an elevational view of the front or upstream side of the 
filter of Fig. 30, 

[0036] Fig. 32 is an elevational view of the back or downstream side of the 
filter of Fig. 30. 

5 [0037] Fig.33 is a sectional view like Fig. 19 and illustrates the present 

invention. 

[0038] Fig. 34 is an enlarged view of section 34-34 of Fig. 33. 
[0039] Fig. 35 is perspective view of a filter in accordance with invention. 
[0040] Fig. 36 is a graph showing filter performance. 
10 [0041] Fig. 37 is a graph showing filter performance. 

DETAILED DESCRIPTION 
Prior Art 

[0042] Fig. 1 shows a sheet of non-woven fibrous filter material 20 known 
15 in the prior art. Non- woven materials typically use needling techniques to achieve 
desired media thickness and solidity. During the process of needling, small holes 
22 are formed thorough the media. As shown in Fig. 2, synthetic or felted fiber 
media 24 is fed between rollers 26 and 28 and then between platens 30 and 32 
which hold the material in place during downward movement of mandrel 34 having 
20 a plurality of lower downwardly extending needles 36 which punch through 
material 24, Fig. 3, to form the noted needle holes 22, Fig. 4, whereafter the needled 
sheet is fed through exit rollers 38 and 40. While needling is desirable to hold the 
non-woven fibrous media together and achieve desired media thickness and 
solidity, a disadvantage is that the needle holes present discontinuities in tiie 
25 filtering media because they are relatively large pores as compared to the bulk fiber 
matrix. The large pores offer a path of low resistance to fluid flow, such as air. 
Because smaller pores of the remaining bulk fiber matrix are clogged faster by 
contaminant particles such as dust, the velocity through the larger needle holes 22 
increases correspondingly, as in a venturi. Consequentiy, both uncaptured and 
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detached reentrained contaminant particles can penetrate tiie filter tiirough such 
needle holes 22, causing lower filter efficiency. 

[0043] Fig. 5 shows filter material 42 of non-woven fibrous filter media as 
known in the prior art, which may or may not be needled. The fibers 44 in the sheet 
5 run predominantly along or parallel to the sheet, i.e. horizontally lefl;-right in the 
orientation of Fig. 5, and perpendicular to the direction of fluid flow as shown at 
arrow 46, Figs. 5 and 6. The surface area of the fibers available for adhesion and 
capture of contaminant particles 48 is perpendicular to fluid flow direction 46. 
Contaminant particles will aggregate on each other for example as shown at 

10 aggregate 50, and will also form particle bridges between fibers for example as 
shown at 52. Contaminant particle aggregates and bridges block flow and shorten 
filter life by leading to premature restriction and pressure drop. Furthermore, if 
filter media sheet 42 is needled, the larger pores provided by needle holes 22 offer 
the noted path of lower restriction and higher velocity, particularly due to faster 

15 clogging of smaller pores at adjacent areas between the needle holes, particularly at 
aggregates 50 and bridges 52. Consequently, as above noted, both uncaptured and 
detached reentrained contaminant particles can penetrate the filter through the 
needle holes. The contaminant particle aggregates and bridges in areas between 
needle holes are further subject to instability and reentrainment if exposed to high 

20 flow rates or pulsation, for example at the beginning of filter operation, such as at 
start-up of an internal combustion engine and the initial high air flow rate through 
the air filter therefor, and also due to the high velocity venturi effect of flow 
through needle holes 22 if the media is needled. 

[0044] In the invention of the incorporated '144 patent, a simple and 

25 effective solution is provided for the above-noted and other problems. The '144 
invention provides a method of filtering particles in a fluid flowing along flow 
direction 46, Fig. 7, through filter media 60 having a plurality of fibers 62. The 
improved method increases capture of and retention of contaminant particles 64 by 
fibers 62 by increasing residence dwell time of particles moving along the fibers to 
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increase the chance of, and extend the time of, fiber-particle contact, increasing 
Brownian diffusion probability of particles diffusing to the fibers, increasing the 
spread of, and even loadiag of, particles along the fibers, and reducing particle 
agglomeration and particle bridging between fibers which would otherwise block 
5 flow and be subject to instability and reentrainment if exposed to high flow rates or 
pulsation. The increased residence dwell time, increased Brownian diffusion, 
increased spread and evenness of particle loading, and reduced particle 
agglomeration and bridging, are all accomplished simply by orienting fibers 62 
dominantly parallel to flow direction 46 in combination with providing fibers 62 of 

10 sufficient length along flow direction 46 such that residence dwell time is increased, 
Brownian diffusion is increased, spread and evenness of particle loading is 
increased, and particle agglomeration and bridging is reduced, all as compared to, 
and relative to, filter media fibers 44, Fig. 6, extending perpendicular to flow 
direction 46. In comparing the perpendicular fiber orientation of Fig, 6 against the 

15 parallel fiber orientation of Fig. 7, it is seen that the perpendicular fiber orientation 
provides shorter particle-fiber contact time, less chance of diffusion, greater particle 
bridging, and uneven loading along the fiber length, whereas the parallel fiber 
orientation of Fig, 7 provides a greater chance of longer particle-fiber contact time, 
a greater chance of diffusion of a particle to a fiber, less particle bridging between 

20 fibers, and more even loading along the fiber length. 

[0045] The parallel orientation of Fig. 7 enables the use of non-woven, 
non-needled media, which is desirable. In one embodiment, fibers 62 are the same, 
for example synthetic material such as polyester, and have the same diameter. In 
another embodiment, at least first and second sets of different fibers are used. The 

25 latter alternative may include differing fiber diameters to enhance efficiency. In a 
further embodiment, a triboelectric fiber combination is used to provide a 
triboelectric effect. Triboelectric fibers are or may become (with usage) 
differentially charged, as is known. Fig. 8 shows filter media 66 having positively 
charged fibers 68, such as nylon, silk, cotton, cellulose, acrylic, polyethylene. 
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polypropylene, modacrylic, and negatively charged fibers 70 such as chlorofiber. 
The oppositely charged fibers define a plurality of electric field flux lines 
therebetween, and in the desirable orientation of Fig. 8 such flux lines extend 
dominantly perpendicular to flow direction 46 and are stacked along such flow 
5 direction in a plane parallel thereto such that fluid flows along such plane and 
perpendicular to the flux lines and cuts serially sequentially across plural flux lines, 
increasing the chances of triboelectric capture due to the increased number of flux 
lines crossed, relative to known triboelectric capture techniques. 

[0046] Filter media construction. Figs, 9 and 10, is provided by a sheet 80 

10 having a thickness dimension 82 between oppositely facing first and second sides 
84 and 86 for filtering contaminant particles in fluid flow therethrough along flow 
direction 46 perpendicular to sheet 80 and first and second sides 84 and 86 and 
parallel to thickness dimension 82. Sheet 80 is formed by an internal pleated 
subsheet 88 comprising a plurality of fibers 90 and having a plurality of pleats 92, 

15 94, etc. extending between first and second sets of pleat tips 96 and 98. Pleats 92, 
94 extend parallel to flow direction 46. The first set of pleat tips 96 provides the 
first side 84 of sheet 80. The second set of pleat tips 98 provides the second side 86 
of sheet 80. One or both sides 84 and 86 may additionally include a thin scrim 
layer or the like as shown at dashed lines 100 and 102. 

20 [0047] Pleats 92, 94, etc., engage each other and are packed against each 

other sufficiently tightly such that fluid flows along flow direction 46 through the 
pleats in parallel therewith, rather than between the pleats and then transversely 
therethrough as in standard pleated filter media designs. Subsheet 88 has a pre- 
pleated planar condition with fibers 90 extending dominantly parallel thereto and 

25 dominantiy unidirectionally parallel to each other. Subsheet 88 has a pleated 
condition as shown in Figs. 9 and 10 forming macro sheet 80 wherein fibers 90 
extend along pleats 92, 94, etc., substantially parallel to flow direction 46. Fibers 
90 extend aroimd pleat tips 96, 98 substantially parallel to each respective side 84, 
86 of sheet 80 and substantially perpendicular to flow direction 46. In preferred 
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form, pleats 92, 94, etc. are bonded to each other as shown at adhesive 104 to 
prevent flow of fluid therebetween along flow direction 46 parallel to pleats 92 and 
94. The bonding of the pleats to each other enhances compression resistance of 
sheet 80 along thickness dimension 82 and eliminates the need for needle holes 
S associated with needling. 

[0048] Sheet 80 may be used as a high capacity filter or as a prefilter to 
increase total filter efficiency and capacity. Figs. 1 1 and 12 show an embodiment 
of the latter which is an extended life two-stage fluid filter assembly 110 for 
filtering particles in fluid flow therethrough along flow direction 46. The assembly 

10 includes a first upstream prefilter element provided by sheet 80, and a second 
downstream main filter element 112. Filter element 112 is a pleated media (e.g., 
paper) filter element having a plurality of pleats 114, 116, etc. extending between 
first and second sets of pleat tips 118 and 120. The pleats of each of filter elements 
80 and 112 are substantially parallel to flow direction 46 and extend along flow 

15 direction 46 between respective pleat tips. The pleats of filter element 112 are 
spaced fi^om each other along a spacing direction 122 transverse to flow direction 
46 and defining a transverse gap 124 therebetween tihrough which fluid flows. 
Fluid flows transversely through pleats 114, 116 of filter element 112, as shown at 
arrows 126, 128. The pleats of filter element 80 are packed against each other, as 

20 above described, without such transverse gap and block fluid flow therebetween. In 
upstream filter element 80, fluid flows along flow direction 46 through pleats 92, 94 
in parallel therewith, rather than transversely therethrough. Fluid flow through 
pleats 1 14, 1 16 of downstream main filter element 1 12 is substantially transverse to 
flow direction 46. Fluid flow through pleats 92, 94 of upstream prefilter element 80 

25 is substantially parallel to flow direction 46. In Figs. 11 and 12, each of main filter 
element 112 and prefilter element 80 are flat planar panels. 

[0049] In another embodiment. Fig. 13, each of main filter element 112a 
and prefilter element 80a are annular, and flow direction 46a is radial relative 
thereto. Prefilter element 80a is concentric to main filter element 112a. In further 
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embodiments, filter elements 80 and 1 12 may be conical or firustoconical, or other 
desired shapes. In each case, filter media construction 80 may be used alone or in 
combination with another filter element such as 1 12. 

[00501 When sheet 80 is used as a prefilter, it is preferred that the solidity 
5 of subsheet 88 be in the range of 1% to 10%, the fiber size of fibers 90 be in the 
range of 0.1 to 50 denier, the thickness dimension 82 of sheet 80 be in the range of 
2- to 75 millimeters, and the ratio of velocity of fluid flow through prefilter element 
80 to the velocity of fluid flow through main filter element 1 12 be in the range of 2 
to 25. 

10 [0051] The '144 invention enables use of a non-woven non-needled 

fibrous macro filter media sheet formed by a convoluted or pleated internal 
structure subsheet for fluid filtration, including gaseous or air filtration. Such a 
sheet 80 may be used as a high capacity filter or as a prefilter to increase total filter 
efficiency and capacity. The thickness 82 of the filter media is equivalent to the 

15 internal convolution or pleat depth. The media preferably retains its form by 
bonding at 104 tiie fibers on adjacent faces of the pleats 94, 92. This enhances the 
media's compression resistance and increases its rigidity such that no additional 
backing is required for the media to retain its shape, though additional outer scrim 
layers such as 100 and 102 may optionally be added if desired. The tight packing 

20 of the pleats and bonding at 104 is further desired to eliminate the need for needle 
holes associated with prior needling techniques, thereby eliminating needle holes 
22, and improving filtration efficiency. If desired, bonding 104 may be deleted if 
pleats 92, 94 are sufficiently tightly packed. The tightly packed convoluted intemal 
subsheet stmcture 88 causes the majority of fibers 90 to be oriented in a direction 

25 parallel to fluid flow 46, affording advantages of longer residence time for particles 
passing through the media, reduced particle agglomeration and bridging, higher 
collapse strength, increased capacity and efficiency. The fiber orientation and filter 
media construction is further desirable because it is conducive to the use of mixed 
fibers, including different diameter fibers and/or different polarity fibers, the latter 
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being further desirable because it provides an enhanced triboelectric effect due to 
flux lines stacked along the flow direction such that fluid flows perpendicular to the 
flux lines and cuts serially sequentially across plural flux lines, increasing the 
chances of triboelectric capture due to the increased number of flux lines crossed. 
5 This enhanced triboelectric effect, beyond traditional triboelectric mechanisms, is 
useful for capturing small particles which typically clog a downstream main or 
primary filter such as 1 12. 

[0052] The '144 invention is particularly useful for increasing filter life in 
filters exposed to high dust concentrations of dry and/or sooty and/or oily particles. 

10 Previous non- woven designs used needling techniques to achieve the required 
media thickness and solidity. During the process of needling, needle holes are 
formed through the media. Such needle holes, formed in felted and otiier synthetic 
filter materials, promote the penetration of detached and reentrained particles. The 
needle holes present discontinuities in the filter media structure because they are 

15 relatively large pores when compared to the bulk fiber matrix. The large pores 
offer a path of low resistance to the fluid flow. Because the smaller pores in areas 
laterally between needle holes are clogged faster by deposited particles, the velocity 
through the larger needle holes increases correspondingly. Consequently, both 
captured and detached reentrained dust particles can penetrate the filter through 

20 such needle holes, resulting in lower filter efficiency. Needle punching is thus 
undesirable because it creates favorable conditions for particle reentrainment. 
Furthermore, since the majority of fibers in prior designs are positioned 
perpendicularly to the flow direction, the surface area of particle adhesion is small 
while the face sxirface area of particle clusters is larger. Thus, particle aggregates 

25 and bridges can be easily blown off. In iJie present improvement orienting the 
fibers primarily parallel to the flow direction, the contact surface area between the 
dust particles and their aggregates remains large and the face area of the dust 
aggregates stays small during dust loading. This is a favorable condition for a 
stable filtration process. 
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[0053] The extended life two-stage filter assembly noted above may be 
provided in a variety of geometrical configurations, as noted, to achieve ultrahigh 
contaminant holding capacity and long life in high concentration areas, for instance 
in dusty construction areas and/or in oily and sooty environments. The main filter 
5 1 12 is located downstream of the prefilter 80. The main filter is made of pleated 
filter media impregnated cellulose with a possible mixture of synthetic fibers such 
as polyester to secure shape stability when exposed to moisture, water and snow. 
The media of the pleated main filter element 112 can be treated with an oily 
substance to prevent clogging by sooty particles, as is known. The upstream 

10 prefilter 80 is made of non-woven non-needled filter media of synthetic fibers of 
preferably differently charged materials to fiiUy utilize the triboelectric effect, and 
to provide an enhanced triboelectric effect as noted. 

[0054] The reduction of blow-off detachment and reentrainment of 
contaminant particles is a significant advance. In the prior art, since the majority of 

15 the fibers are positioned perpendicular to the flow direction, the surface area of 
particle adhesion is small while the face surface area of particle clusters at 
agglomerates and particle bridges is large. Therefore, the particle aggregates can be 
more easily blown off since the force of detachment is proportional to fluid velocity 
and cluster surface area e7q)osed to flow. By instead orienting the fibers parallel to 

20 the flow direction, the contact surface area between the dust particles and their 
aggregates remains large and the face area of the dust aggregates stays small during 
dust loading. This is a favorable condition for a stable filtration process providing a 
longer chance of fiber-particle contact time and a greater chance of diffusion to the 
fiber surface area, increased diffusion probability, improved contaminant loading 

25 along the fiber length and increased spread of and even loading of particles along 
the fibers, eliminating needle holes and the noted problems associated therewith, 
and providing an enhanced triboelectric effect when differentially charged fibers 
are used. In the *144 design, contaminant holding capacity is higher as compared to 
prior designs because of the favorable contaminant loading process. In prior 
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designs, the contaminant can accumulate on the fibers such that particle bridges 
form, blocking fluid flow. In the *144 design, the contaminant particle cake is 
distributed more evenly on the entire fiber surface area. Because of the xmiform 
contaminant distribution, filter pressure drop decreases and the amount of dust or 
5 other contaminant loaded within the filter increases before terminal pressure drop, 

[0055] Another advantage of the '144 filter media construction is that the 
contaminant cake remains stable due to the noted high rigidity and compression 
resistance. The compression resistance of the media at its low solidity enables 
formation of a xmiformly distributed and stable contaminant cake which does not 

10 collapse when exposed to flow pulsation and vibration of the filtration system. 
Because of the uniformity of the intemal contaminant cake in the prefilter, the 
contaminant particles penetrating the prefilter are evenly distributed over the entire 
area of the pleated main filter element 112 located downstream of prefilter 80. 
Since pressure drop reaches its lowest value for xmiformly distributed particles on 

15 the media surface, i.e. a uniformly thin contaminant cake, the contaminant capacity 
reaches its maximirai value. 

[0056] The '144 invention provides a method of increasing contaminant 
cake stability on filter media fibers in filter media filtering contaminant particles by 
engaging and packing pleats 92 and 94 against each other, preferably by bonding at 

20 104, to enhance rigidity and compression resistance of sheet 80 along thickness 
dimension 82. The '144 invention fixrther provides a method for evenly distributing 
fluid flow over the area of main filter element 112 afl;er passage through prefilter 
element 80, by increasing uniformity of the contaminant cake on prefilter 80 by 
reducing particle agglomeration and particle bridging between prefilter media fibers 

25 which would otherwise block flow and reduce uniformity and be subject to 
instability and reentrainment, and instead orient prefilter filters 62, Fig. 7, 90, Fig. 
9, dominantly parallel to flow direction 46 to more evenly load contaminant 
particles along the entire length of the fibers as compared to, and relative to, filter 
media fibers extending perpendicular to the flow direction. 



-12- 



[0057] Since the fibers in the new orientation are positioned parallel to the 
flow direction, the dwell or residence time for the contaminant particles moving the 
vicinity of the fiber surface is extended. This enhances small particle, e.g. diesel 
soot, captured by the fibers because of diffusion and by triboelectric effect if 
5 differentially charged fibers are used, which effect is enhanced as above noted. The 
parallel fibers form channel-like paths in which viscous flow predominates. In the 
viscous flow, the boimdary layer is slower and relatively thick, and hence more 
particles will have a chance to settle on the fiber surface due to Brownian diffusion 
and due to electrostatic mechanisms. The '144 method and orientation makes 
10 conditions favorable for these mechanisms to occur. 

Present Invention 

[0058] Figs. 14 and 15 use like reference numerals firom Figs. 11 and 12 
where appropriate to facilitate imderstanding. Fig. 14 shows a multi-stage filter 

15 110a having an upstream prefilter element 80, and a downstream main filter 
element 112a. The main filter element includes two sheets, namely a pleated first 
sheet 134, Fig. 15, and a second sheet 136 -which may be a flat planar sheet as 
shown in Fig. 15, or may be pleated with sheet 134. Sheet 134 has a first set of 
fibers 135 selected from the group consisting of cellulose fibers and synthetic 

20 fibers. Sheet 136 has second and third sets of fibers, the second and third sets 
having tribologically different fibers 138 and 140, Fig. 16, providing a triboelectric 
effect, comparably to that above described. For example, filter media 136 may 
have positively charged fibers 138, such as nylon, silk, cotton, cellulose, acrylic, 
polyethylene, polypropylene, modacrylic, and negatively charged fibers 140 such as 

25 chlorofiber. The triboelectric fibers are or may become (with usage) differentially 
charged, as is known. Sheet 134 is preferably between prefilter element 80 and 
sheet 136. In an altemative, the tribologically different fibers may be provided as 
part of sheet 134, with elimination of sheet 136. In the embodiment shown in Figs. 
14-16, the main filter element is a panel filter element lying in a plane for filtering 
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particles in fluid flowing therethrough as shown at 46 transversely to such plane. In 
an alternative, the main filter element is an annular member like Fig. 13 having a 
hollow interior extending along an axis for filtering particles in fluid flowing 
therethrough radially as shown at 46a relative to such axis. Annular includes 
5 various closed-loop shapes including cylindrical, oval, racetrack-shaped, and so on. 

[0059] Table 1 shows test results including dust holding capacity in grams 
(g), and final gravimetric eflBciency in percent (%), for various filters including: 
only pleated media 77 (having a Frazier permeability of 77 j^m (feet per minute), 
as main filter 112, Figs. 11, 12); prefilter 220 (a basis weight of 220 g/m^ (grams 

10 per square meter), for prefilter 80 in combination with media 77; prefilter 220 in 
combination with media 77 in combination with media 23 (triboelectric media 136 
having a Frazier permeability of 23 g/m^ used in combination with prefilter element 
80 and main filter element 112a); prefilter 350 (a basis weight of 350 g/m^) in 
combination with media 77; prefilter 350 in combination with media 77 in 

15 combination with media 23; only pleated media 26 (main filter element 112 having 
a Frazier permeability of 26 fpm); prefilter 220 in combination with media 26; 
prefilter 220 in combination with media 26 in combination with media 23; prefilter 
350 in combination with media 26; prefilter 350 in combination with media 26 in 
combination with media 23. 

20 



Table 1 



RIter Description 


Filter 

Performance 


Only 
pleated 
media 
77 


Prefater 
200, 
media 
77 


Prefilter 
220, 

media 77, 
media 23 


Prefilter 
350, media 
77 


Prefilter 

350. 

media 77, 
media 23 


Only 
pleated 
media 
26 


Prefilter 
220, 

media 26 


Prefilter 
220, media 
26, nnedia 
23 


Prefilter 
350, 
media 
26 


Prefilter 
350, 
media 
26, 

media 23 


Dust Holding 
Capacity, (g) 


3253.6 


3495.5 


3245.2 


3800.0 


3780.8 


3415.8 


3366.2 


3449.4 


3976.9 


4008.4 


Final 

Gravnnetric 
Efficiency. (%) 


99.82 


99.80 


99.91 


99.85 


99.93 


99.9S 


95.50 


99.80 


99.95 


99^8 



[0060] In Table 1, it is seen that adding triboelectric media 23 to the 
combination of prefilter 220 and media 77 results in a drop in dust holding capacity 
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from 3495.5 to 3245.2 grains, and an increase in final gravimetric efficiency from 
99.80% to 99.91%. Upon adding triboelectric media 23 to the combination of 
prefilter 350 and media 77, tiie dust holding capacity drops from 3800.0 grams to 
3780.8 grams, and the final gravimetric efficiency increases from 99.85% to 99.93%. 
5 Upon adding triboelectric media 23 to the combination of prefilter 220 and media 26, 
the dust holding capacity increases from 3366.2 grams to 3449.4 grams, and the final 
gravimetric eifficiency increases from 95.50% to 99.80%. Upon adding triboelectric 
media 23 to the combination of prefilter 350 and media 26, the dust holding capacity 
incre£Lses from 3976.9 grams to 4008.4 grams, and the final gravimetric efficiency 

10 increases from 99.95% to 99.98%. The latter combination provides the highest dust 
holding capacity and the highest final gravimetric efficiency. 

[0061] Table 2 shows test results including pressure drop increase P in 
kilopascals (kPA), mass of accxraiulated dust m in grams (g), and the ratio m/P, for 
filters A through F, where filters A through C are various filter assemblies having 

15 only a pleated main filter element, filter D is a pleated main filter element with plural 
layers of prefilter media in a planar sheet (i.e. not pleated as at prefilter 80), filter E is 
a pleated main filter element in combination with pleated prefilter 80 and in 
combination with triboelectric media 136, and filter F is a pleated main filter with a 
planar prefilter (not pleated like prefilter 80) and in combination with triboelectric 

20 media. 



Table 2 



FIELD TEST 




Filter Description 


Performance 
Characteristics 


A -Commercial 
Pleated Bement 


B - Commerciai 
Pleated Element 


C- Commercial 
Pleated Bement 


D~ Commercial 
Multi Media 
Element (several 
layers of prefilter 
media) 


E - Pleated Fitter 
with parallel fiber 
prefilter, and 
Tribo6lectrfc media 


F- Pleated Fitter 
with transverse 
fiber prefilter. and 
Triboelectric 


Pressure Drop 
Increase. P piPA] 


0.515 


0.246 


0.381 


0.269 


0,017 


0.085 


Mass of Accumulated 

Dust, m [g] 


159 


143 


409 


253 


231 


240 


Ratio m/P 


308 


580 


1.074 


941 


13.253 


2,835 



[0062] Table 2 shows that the best ratio of mass of dust collected to 
increased pressure drop, i.e. m/P, namely 13,253, is for filter combination E. 
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[0063] Figs. 14, 15, 17 fiirflier show a multi-stage filter, including upstream 
prefilter element 80 and downstream main filter element 112a, wherein one of the 
elements, preferably 112a, includes nanofibers, such as nanofibers 142, Fig. 17, in 
sheet 144 on sheet 134. Sheet 144 is pleated with sheet 134, Fig. 15. Nanofibers 142 
5 have a fiber diameter in the range 40 to 800 nm (nanometers), and a basis weight in 
the range 0.02 to 1.0 g/m^ (grams per square meter). Sheet 134 includes the noted set 
of fibers 135 selected firom the group consisting of cellulose fibers and synthetic 
fibers and having a fiber diameter substantially greater than nanofibers 142. Sheets 
134 and 144 are preferably pleated together as subsheets, with subsheet 144 being 

10 upstream of subsheet 134, though the order can be reversed. In further embodiments, 
nanofibers 142 and/or triboelectric fibers 138, 140 may be incorporated into pleated 
media sheet 134 of main filter element 1 12a. 

[0064] Table 3 shows filter performance including media face velocity in 
cm/s (centimeters per second), dust retained in grams, dust capacity in g/sq.m. (grams 

15 per square meter), initial efficiency percent (%), final efficiency percent (%), and 
initial restriction in Pa (pascals), for various filter combinations including: in the first 
row, a pleated main filter 112a with nanofiber media 144 having a Frazier 
permeability greater than 100 Qjm; in the second row, a pleated main filter element 
112a having nanofiber media 144 with Frazier permeability greater tiian 100 :^m in 

20 combination with a prefilter element 80; in the third row, a pleated main filter element 
112a in combination with nanofiber media 144 having a Frazier permeability of 25 
fpm; in the fourth row, a pleated main filter element 112a having nanofiber media 
144 with a Frazier permeability of 25 :^m in combination with prefilter element 80; 
and in the fiflh row, a pleated main filter element 112a with media 134 of Frazier 

25 penneabiUty of 13 fym. 
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Table 3 



FBterpeffomian<» for fiHereTOde of nanofiber later 



Media description 


Media Face 
Velocity (cm^s) 


Dust Retained (grams) 


Dust Capacity (g/sp. m.) 


Initial Efr.(%) 


FInaiEfr.(5) 


Intt. Rest (Pa) 


Pleated filter element - 
nanofiber media A with 
Frazier pemieability of 
>100 


7,5 


85.72 


178.00 


95.661 


99.511 


27.4 


Pleated filter element - 
nanonber media A wiui 
Frasler pemieability of 
>100 and a prefiKer 


7,5 


327.3 


680.00 


96.595 


99.667 


55 


Reated filter element - 
Nanofiber media A with 
Frazier permeabllHy of 25 


7.5 


103.94 


216.00 


99.611 


99.974 


97 


Pleated filter element - 
nanofiber media A with 
Frazier pemneabiiity of 25 
and a prefitter 


7.5 


267.74 


557.00 


99.514 


99.984 


116 


Reated filter element - 
commen::ial media A with 
Frazier pemieability of 1 3 


7.5 


137.01 


284.00 


99.630 


99.086 


202 



Prior Art 

[0065] Fig. 18 shows a filter 210 including a housing 212 extending 
5 axially along axis 214 and having an inlet 216 at one axial end 218 of the housing 
and having an outlet 220 at a distally opposite axial end 222 of the housing. The 
housing is preferably plastic and provided by identical upper and lower half 
sections 224 and 226 mating along diagonal flanges 228, 230, lateral flanges 232, 
234, diagonal flanges 236, 238, and lateral flanges 240, 242. 

10 [0066] A pleated filter block is provided by pleated filter element 244 in 

the housing. The pleated filter element is pleated along a plurality of upper bend 
lines 246 and lower bend lines 248, which bend lines extend axially. The filter 
element has a plurality of wall segments 250 extending in serpentine manner 
between the upper and lower bend lines. The wall segments extend axially between 

15 upstream ends 252 at inlet 216, and downstream ends 254 at outiet 220. The wall 
segments define axial flow channels 255 therebetween. Fig. 19, The upstream ends 
of the wall segments are altemately sealed to each other, as shown at 256 in Fig. 19, 
to define a first set of flow channels 258 having open upstream ends 260, and a 
second set of flow channels 262 interdigitated with the first set of flow channels 

20 258 and having closed upstream ends 264. The downstream ends 254 of wall 
segments 250 are altemately sealed to each other, as shown at 266 in Fig. 19, such 
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that the first set of flow channels 258 have closed downstream ends 268, and the 
second set of flow channels 262 have open downstream ends 270. Fluid to be 
filtered, such as air, flows substantially directly axially through filter element 244, 
namely firom inlet 216 through open upstream ends 260 of the first set of flow 
5 channels 258 as shown at arrows 272, then through wall segments 250 as shown at 
arrows 274, then through open downstream ends 270 of the second set of flow 
channels 262 as shown at arrows 276, then to outlet 220. It is preferred that at least 
a portion of each of inlet 216 and outlet 220 are axially aligned. 

[0067] Filter element 244 has laterally distally opposite right and left 

10 axially extending sides 278 and 280, Fig. 18, defining first and second axially 
extending planes. The second axial plane at side 280 is parallel to and spaced firom 
the first axial plane at side 278. Upper bend lines 246 provide a first or upper set of 
coplanar bend lines defining a third axially extending plane. Lower bend lines 248 
define a lower or second set of coplanar bend lines defining a fourth axially 

15 extending plane. The fourth axial plane at lower bend lines 248 is parallel to and 
spaced from the third axial plane at upper bend lines 246. The third and fourth 
axial planes are perpendicular to the noted first and second axial planes. Upstream 
ends 252 of wall segments 250 define a first laterally extending plane, and 
downstream ends 254 of the wall segments define a second laterally extending 

20 plane. The second lateral plane at downstream ends 254 is parallel to and spaced 
from the first lateral plane at upstream ends 252. The noted first and second lateral 
planes are perpendicular to the noted first and second axial planes and 
perpendicular to the noted third and fourth axial planes. 

[0068] A gasket 282, Figs. 18, 20, is provided for sealing filter 244 to 

25 housing 212, such that air entering inlet 216 cannot bypass the filter element to 
outlet 220, and instead must flow tiirough the filter element as shown at arrows 272, 
274, 276, Fig. 19. Gasket 282 has a first section 284 extending along the noted first 
axial plane along right side 278. Gasket 282 has a second section 286 extending 
along the noted second lateral plane at downstream ends 254 as shown at 288 in 
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Fig. 20, and also extending along the noted third axial plane at upper bend lines 
246, as shown at 290 in Fig. 20. In alternate embodiments, second section 286 of 
gasket 282 extends along only one or flie other of the noted second lateral plane at 
288 or third axial plane at 290, but not both. Gasket 282 has a third section 292 
5 extending along the noted second axial plane along left side 280. Gasket 282 has a 
fourth section 294 extending along the noted first lateral plane at upstream ends 252 
of wall segments 250, and also extending along the noted fourth axial plane at 
lower bend lines 248, comparably to Fig. 20. In alternate embodiments, fourth 
section 294 of gasket 282 extends along only one or the other of the noted first 

10 lateral plane and fourth axial plane, but not both. Gasket 282 is preferably 
adhesively secured to filter element 244 along each of the noted gasket sections 
284, 286, 292, 294, such that filter element 244 and gasket 282 are replaced as a 
mod\ilar unit. It is further preferred that the upper and lower surfaces of tiie gasket, 
such as 296 and 298, Fig. 20, be pinched and compressed between respective 

15 housing flanges such as 232 and 234, with such outer peripheral sandwich 
arrangement being held in assembled condition by any suitable means, such as clip 
300, clamps, bolts, or the like. In altemate embodiments, other surfaces of the 
gasket may be used as the sealing surface against the housing. First and third 
gasket sections 284 and 292 extend obliquely relative to axis 214. Second and 

20 fourth gasket sections 286 and 294 extend perpendicularly to the noted first and 
second axial planes. Second and fourth gasket sections 286 and 294 are axially 
spaced, and first and third gasket sections 284 and 292 extend diagonally between 
second and fourth gasket sections 286 and 294. 

[0069] Fig. 21 shows a further embodiment having a plurality of filter 

25 elements 244a, 244b, 244c stacked on each other. The filter elements have 
respective wall segments 250a, 250b, 250c with upstream ends 252a, 252b, 252c 
and downstream ends 254a, 254b, 254c. Upstream ends 252a, 252b, 252c of the 
wall segments are coplanar along a first laterally extending plane. Downstream 
ends 254a, 254b, 254c are coplanar along a second laterally extending plane. The 
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second lateral plane is parallel to and spaced from the first lateral plane. The filter 
elements have respective laterally distally opposite right and left sides 278a and 
280a, 278b and 280b, 278c and 280c. Right sides 278a, 278b, 278c are coplanar 
along a first axially extendiag plane. Left sides 280a, 280b, 280c are coplanar 
5 along a second axially extending plane. The second axial plane is parallel to and 
spaced from the first axial plane. The filter elements 244a, 244b, 244c have 
respective upper sets of coplanar bend lines 246a, 246b, 246c, and lower sets of 
coplanar bend lines 248a, 248b, 248c. The upper set of coplanar bend lines 246a of 
top filter 244a defines a third axially extending plane. The lower set of coplanar 

10 bend lines 248c of the bottom filter element 244c defines a fourth axially extending 
plane. The fourth axial plane is parallel to and spaced from the third axial plane. 
The third and fourth axial planes are perpendicular to the first and second axial 
planes. The noted fibrst and second lateral planes are perpendicular to the noted first 
and second axial planes and perpendicular to the noted third and fourth axial planes. 

15 Gasket 282a has a first section 284a extending along the noted first axial plane 
along right sides 278a, 278b, 278c. Gasket 282a has a second section 286a 
extending along the noted second lateral plane along downstream ends 254a, and 
also along the noted third axial plane along upper bend lines 246a. In altemate 
embodiments, gasket section 286a extends along only one or the other of the noted 

20 second lateral plane along downstream ends 254a or along the noted third axial 
plane along upper bend lines 246a, but not both. Gasket 282a has a third section 
292a extending along the noted second axial plane along left sides 280a, 280b, 
280c. Gasket 282a has a fourth section 294a extending along the noted first lateral 
plane along upstream ends 252a, 252b, 252c, and also extending along the noted 

25 fourth axial plane along lower bend lines 248c. In altemate embodiments, gasket 
section 294a extends along only one of the noted first lateral plane along upstream 
ends 252a, 252b, 252c or the noted fourth axial plane along lower bend lines 248c, 
but not both. The construction in Fig. 2 1 provides a pleated filter block having one 
or more rows of wall segments 250a, 250b, 250c folded in serpentine maimer 
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between respective bend lines, and providing filtered fluid flow substantially 
directly axially through tiie filter block along axis 214. First and third gasket 
sections 284a and 292a extend obliquely relative to axis 214. Second and fourth 
gasket sections 286a and 294a extend perpendicularly to the noted first and second 
5 axial planes. Second and fourth gasket sections 286a and 294a are axially spaced, 
and first and third gasket sections 284a and 292a extend diagonally between second 
and fourth gasket sections 286a and 294a. 

[0070] Fig. 22 shows a fiirther embodiment, and uses like reference 
numerals firom above where appropriate to facilitate understanding. Filter 210a 

10 includes a housing 212a extending axially along axis 214 and having an inlet 216a 
at one axial end 218a of the housing and having an outlet 220a at a distally opposite 
axial end 222a of the housing. The housing is preferably plastic and provided by a 
box-like member 302 having an outer peripheral flange 304 mating with flange 306 
of housing end 222a and pinching gasket 282b therebetween. Gasket 282b seals 

15 pleated filter block 244 or 244a in the housing. Unlike first and third sections 284 
and 292 of gasket 282 in Fig. 18, furst and third sections 284b and 292b of gasket 
282b in Fig. 22 extend perpendicularly relative to the noted third and fourth axial 
planes. Like second and fourth sections 286 and 294 of gasket 282 in Fig. 18, 
second and fourth sections 286b and 294b of gasket 282b in Fig. 22 extend 

20 perpendicularly to the noted first and second axial planes. Gasket 282b has first 
section 284b extending along the noted first axial plane along right side 278 and 
also preferably extending along one of the noted lateral planes preferably the noted 
second lateral plane along downstream ends 254. Gasket 282b has second section 
286b extending along the noted third axial plane along upper bend lines 246 and 

25 also along the noted one lateral plane preferably the lateral plane along downstream 
ends 254. Gasket 282b has third section 292b extending along the noted second 
axial plane along left side 280 and preferably along the noted one lateral plane 
preferably the lateral plane formed at downstream ends 254. Gasket 282b has 
fourth section 294b extending along the noted fourth axial plane along the noted 
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lower bend lines 248 and also preferably along the noted one lateral plane 
preferably the lateral plane along downstream ends 254. 

[0071] Fig. 23 shows a further embodiment and uses like reference 
numerals from above where appropriate to facilitate understanding. Filter elements 
5 244a, 244b, 244c, 244d are stacked on each other. Gasket 282c corresponds to 
gasket 282b of Fig. 22 and includes corresponding gasket sections 284c, 286c, 
292c, 294c. 

[0072] Fig, 24 is similar to Fig. 23 and uses like reference numerals from 
above where appropriate to facilitate imderstanding. Layers of sealing material 

10 310, 312, etc. are between respective adjacent stacked filter elements, Fig. 25. In 
one embodiment, each layer 310, 312, etc. is impervious to the noted fluid to be 
filtered. In another embodiment, each layer 310, 312, etc. is pervious to such fluid 
and filters fluid flow therethrough. In the embodiment of Figs. 24 and 25, each 
layer 310, 312, etc. spans the entire area between upstream ends 252 and 

15 downstream ends 254 and between right and left sides 278 and 280. 

[0073] Figs. 26-32 show another embodiment wherein the noted sealing 
layers of Figs. 24 and 25 need not span the entire noted area between upstream and 
downstream ends 252 and 254 and right and left sides 278 and 280. In Figs. 26-32, 
the noted sealing layers are provided by alternating strip layers such as 320, 322, 

20 324, 326, 328, Figs. 26, 27, including a first set of one or more upstream laterally 
extending strip layers 322, 326, etc., and a second set of one or more downstream 
laterally extending strip layers 320, 324, 328, etc., interdigitated with the first set of 
strip layers. Each strip layer 322, 326, etc. of the first set extends laterally between 
the right and left sides 278 and 280 at upstream end 252 and extends along the 

25 lower bend lines of the filter element thereabove and the upper bend lines of the 
filter element therebelow. Each strip layer 320, 324, 328, etc. of the second set 
extends laterally between right and left sides 278 and 280 at downstream end 254 
and extends along the lower bend lines of the filter element thereabove and the 
upper bend lines of the filter element therebelow. A given filter element, e.g. 244b, 
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has a strip layer 322 of the first set extending laterally along its upper bend lines at 
upstream end 252, and a strip layer 324 of the second set extending laterally along 
its lower bend lines at downstream end 254. Filter element 244b has no strip layer 
along its upper bend lines at downstream end 254, and has no strip layer along its 
5 lower bend lines at upstream end 252. 

[0074] A first filter element such as 244a has a first strip layer 322 of the 
first set extending along its lower bend lines at upstream end 252, a second filter 
element such as 244b has a first strip layer 324 of the second set extending laterally 
along its lower bend lines at downstreeim end 254, a third filter element such as 

10 244c has a second strip layer 326 of the first set extending along its lower bend 
lines at upstream end 252, The noted first and second filter elements 244a and 244b 
have the first strip layer 322 of the first set extending laterally therebetween at 
upstream end 252. The noted first and second filter elements 244a and 244b have 
no strip layer extending laterally therebetween at downstream end 254. The noted 

15 second and third filter elements 244b and 244c have first strip layer 324 of the 
second set extending laterally therebetween at downstream end 254. The noted 
second and third filter elements 244b and 244c have no strip layer extending 
laterally therebetween at upstream end 252, 

[0075] As shown in Figs. 30 and 31, the closed upstream ends of tiie noted 

20 second set of flow channels are closed by sealing material such as 330 at filter 
element 244a, 332 at filter element 244b, 334 at filter element 244c, 336 at filter 
element 244d. The closed downstream ends of the first set of flow channels are 
closed by sealing material such as 338, Fig, 32, at filter element 244a, 340 at filter 
element 244b, 342 at filter element 244c, 344 at filter element 244d. Lateral sealing 

25 strip 322, Figs. 30. 31, is sealed to the sealing material 330 in the closed upstream 
ends of the flow channels of filter element 244a thereabove and is sealed to sealing 
material 332 in the closed upstream ends of the flow channels of filter element 244b 
therebelow. Lateral strip 322 may be adhesively bonded to sealing material 330, 
332, or may be integrally formed therewith as in a hot melt application, or the like. 
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Lateral strip 326 is sealed to sealing material 334 ia the closed upstream ends of the 
flow channels of filter element 244c thereabove and is sealed to the closed upstream 
ends of the flow chaimels of filter element 244d therebelow. Lateral sealing strip 
324, Fig. 32, is sealed to sealing material 340 in the closed downstream ends of the 
5 flow channels of filter element 244b thereabove and is sealed to sealing material 
342 in the closed downstream ends of the flow channels of filter element 244c 
therebelow. The described sealing protects the downstream, clean areas of the filter 
fi-om the upstream, dirty arcEis of the filter. 

[0076] In Figs. 26-32, the noted sealing layers are also provided by a right 

10 set of axially extending side edge layers 346, 348, 350, etc. Figs. 26. 29. 20. 3-. 31, 
and a left set of axially extending side edge layers 352, 354, 356, etc. Each side 
edge layer of the right set extends axially firom upstream end 252 to downstream 
end 254 and engages the right side of the filter element thereabove and the right 
side of the filter element therebelow such that the right side of the filter element is 

15 sealed to the right side of the filter element thereabove and to the right side of the 
filter element therebelow. Each side edge layer of the left set extends axially from 
upstream end 252 to downstream end 254 and engages the left side of the filter 
element thereabove and the left side of the filter element therebelow such that the 
left side of the filter element is sealed to the left side of the filter element 

20 thereabove and to the left side of the filter element therebelow. Side edge layers 
348 and 354 are optional because of the sealing provided by downstream lateral 
sealing strip layer 324. Figs. 30 and 31 show deletion of side edge layers 348 and 
354. The noted lateral strip layers and side edge layers protect upstream and clean 
areas of the filter are from the downstream and dirty areas of the filter. The noted 

25 strip layers and edge layers are preferably provided by adhesive such as hot melt, 
though other types of sealing strips may be used. 

Present Invention 

[0077] Fig. 33 is like Fig. 19 and uses like reference numerals where 
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appropriate to facilitate understanding. The direct flow filter 400 includes filter 
element 402 provided by pleated sheet 404 having pleated first and second 
subsheets 406 and 408 each pleated along the noted bend lines 246, 248. Pleated 
subsheet 408 has nanofibers 410, Fig. 34. 
5 [00781 Referring to Fig. 35, a plurality of filter elements 402a, 402b, 402c, 

etc., may be stacked on each other, as above, to provide a pleated filter block 412. 
In one embodiment, a prefilter element 414, which in preferred form is like prefilter 
element 80, though may have other forms, is provided upstream of pleated filter 
element block 412, or alternatively upstream of a single pleated filter element 402. 

10 Further in such embodiment, a safety filter element 416 is provided downstream of 
pleated filter element block 412, or altematively a single pleated filter element 402. 

[0079] In a further embodiment, subsheet 408 has a plurality of nanofiber 
layers 418, etc. through 420, having a cumulative basis weight in the range 0.02 to 
0.5 g/m2 (grams per square meter). The number of nanofiber layers is preferably in 

15 the range of 4 to 7, the Frazier permeability through the nanofibers layers is greater 
than or equal to 50 ^m, and the nanofibers in each of the 4 to 7 layers have a fiber 
diameter in the range 40 to 800 nm. Fig. 36 is a graph plotting permeability in fym 
vs. the number of layers of nanofibers. Plot 422 shows the embodiment of Fig. 34 
with the nanofibers on the influent side as shown at 408. Plot 424 shows a 

20 constraction with the nanofibers on the effluent side, for example the lower side in 
Fig. 34, i.e. the downstream side. As shown in Fig. 36, permeability remains above 
50 ^m until the number of nanofiber layers increases above 7. Fig. 37 is a graph 
plotting fractional efficiency vs. the number of layers of nanofibers on the influent 
side for various particle sizes ranging firom 4.52 microns at plot 426 to 2.95 microns 

25 at plot 428 to 1.00 micron at plot 430 to 0.52 micron at plot 432 to 0.28 micron at 
plot 434. As illustrated, fractional efficiency continues to increase until the number 
of nanofiber layers reaches 4, whereafter there is either a decrease or the rate of 
increase is not as steep, particularly beyond 7 layers of nanofibers. 

[0080] In a further embodiment, another sheet 436 is provided in 
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combination with sheet 404, preferably downstream thereof, and having 
tribologically different fibers 438 and 440 providing a triboelectric effect. In a 
further embodiment, sheet 408 has tribologically different nanofibers providing a 
triboelectric effect In the embodiments of Figs. 14-17 and 33-35, the nanofibers 
5 may be provided in separate layers or may be incorporated and integrated into the 
respective pleated main filter element layer, and furthermore the nanofibers may be 
provided by first and second sets of nanofibers having tribologically different 
nanofibers providing a triboelectric effect. 

[0081] It is recognized that various equivalents, altematives and 
10 modifications are possible within the scope of the appended claims. 
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